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Abstract

A Cr** and F~ composite-doped LiNigsMn; sO, cathode material was synthesized by the solid-state method, and
the influence of the doping amount on the material’s physical and electrochemical properties was investigated.
The structure and morphology of the cathode material were characterized by XRD, SEM, TEM, and HRTEM, and the
results revealed that the sample exhibited clear spinel features. No Cr** and F~ impurity phases were found, and
the spinel structure became more stable. The results of the charge/discharge tests, cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) test results suggested that LiCrggsNig475Mny 4750395F005 in which the
Cr’* and F~ doping amounts were both 0.05, had the optimal electrochemical properties, with discharge rates of 0.
1,05,2, 5, and 10 C and specific capacities of 134.18, 12870, 123.62, 119.63, and 97.68 mAh g™, respectively. After

doping clearly decreased the charge-transfer resistance.

50 cycles at a rate of 2 C, LiCrggsNig475Mn; 47503 05F .05 showed extremely good cycling performance, with a
discharge specific capacity of 121.02 mAh g~' and a capacity retention rate of 97.9%. EIS test revealed that the
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Background

The increasing demand for electric vehicles (EV), hybrid
electric vehicles (HEV), and high-capacity storage batter-
ies requires higher performance lithium-ion batteries
with improved energy density and power density [1-3].
The cathode material is a key material in lithium-ion
batteries, and research and development into high-
potential cathode materials is one of the main ways to
improve the energy density of lithium-ion batteries.
Spinel LiNipsMn; 50,4 has the advantage of discharge
voltage plateaus at approximately 4.7 V: low cost, excel-
lent structural stability, and heat stability, and is consid-
ered one of the most promising cathode materials for
lithium-ion batteries. However, the cycling stability of
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LiNipsMn; 504 is poor, and cycling of this material re-
sults in the Jahn-Teller effect and Mn dissolution [4-7].
Modification of the material by doping and coating
has been applied to suppress the Jahn-Teller effect and
to reduce Mn loss in order to improve the electrochem-
ical properties of the material. Doping modification is a
very effective approach that can not only enhance the
stability of the crystal structure but also improve the rate
capability of the material [8, 9]. During charging, 4.7% of
the volume of LiNipsMn; 50,4 is maintained when going
from the lithium-rich phase to the lithium-poor phase.
The volume change in the material during the insertion/
extraction process of Li ions can be effectively sup-
pressed by applying a small amount of doping and
surface coating, and furthermore, doping can improve
the rate capability and cycling performance of the material
[10-12]. Cation doping ( Na [13], Ru [14], Rh [15], Co
[16], Al [17], Cr [18], Zn [19], Nd [20], Mg [21], Mo [22],
Sm [23], Cu [24], etc.) and anion doping (S [25], P [26],
and F [27]) have been applied to modify LiNiysMn; 504,
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For instance, compared to pure LiNiysMn; 504, Al-doped
LiNigsMn; 50, can effectively improve the discharge
capacity (up to 140 mAh g™') and cycling stability (70%
capacity retention after 200 cycles) [28].

In this paper, F" and Cr®* are selected to improve the
rate capability via anion-cation compound substitution,
and their doping amounts are optimized [29]. In
addition, the structure, morphology, and electrochemical
properties of the samples were tested and analyzed.

Methods

The LiNigsMn; 50, materials were synthesized by the
solid-state method using Ni(CH;COO),-4H,O. Mn
(CH3COQ)5-4H,0O and Cr(CH3;COO);-6H,0O as the

starting materials.

Experimental

Preparation of LiCryNio5_0.5xMn1.5_0.5x03.95F0.05

The LiNigsMn; 50, materials were synthesized by the
solid-state method using Ni(CH3COO), - 4H,0O. Mn(CHj;.
C0OO0),-4H,0 and Cr(CH3COO);-6H,0O as the starting
materials. The materials were fully mixed by ball-milling
for 2 h using stoichiometric amounts of LiCr,Nigs
_05xMny 5_05x0395F005 (x =0.025, 0.05, 0.075), and the dry
mixture was heated at 400 °C in air for 5 h. The Ni-Mn-Cr
complex oxide formed after natural cooling in a muffle
furnace. The obtained complex oxide and lithium
source (Li,COjz and LiF) were mixed by ball-milling
for 4 h using anhydrous alcohol as a dispersant, and
the mixture was then heated at 850 °C in air for 12 h
to strengthen its crystallization in a muffle furnace.
After being reduced at 650 °C in air for 12 h, materials
with different Cr** and F~ composite doping amounts,
LiCr,Nig 5_05:Mny 5_05:O03.95F005 (x =0.025, 0.05, 0.075),
were obtained after natural cooling in a muffle furnace.

Characterization

The crystal structures of the samples were identified by X-
ray diffraction (XRD, Ultimalll, diffractometer Cu-Ka
radiation, 40 kV, 40 mA, Rigaku, Japan) at room
temperature over a 20 range of 10° to 80° with a scanning
speed of 8 min'. The morphology of the LiCr,Nis
_05:Mn1 5 05x03.95F005 samples was measured by a scan-
ning electron microscopy (SEM, Hitachi, S-3400N, Japan).
The microstructure and elemental composition of the ob-
tained materials were observed by transmission electron
microscopy (TEM, Tecnai G2 F20, FEI) equipped with
energy dispersive spectroscopy (EDS).

Electrochemical Performance Test

The electrochemical properties were assessed with CR2032
coin cells, and the cells consisted of the LiCr,Nigs
_05:MnNy 5_05<03.05F0.05 €electrode as the cathode electrode,
Li metal foil as the anode electrode, American Celgard2400
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as the separator and 1 mol/L LiPFs in EC/EMC/DMC
(1:1:1 in volume) as the electrolyte. The cathode was syn-
thesized by mixing the active material, carbon black, and
polyvinylidene fluoride (PVDF) at a weight ratio of 8:1:1 in
the N-methyl pyrrolidinone (NMP) to form a homoge-
neous slurry, which was then coated on Al foil by a doctor
blade coater and subsequently dried in a vacuum oven at
120 °C for 24 h to remove NMP and residual water. The
coin cells were assembled in an argon-filled glove box
(MBRAUN PRS405/W11006-1, Germany).

The electrochemical performance of LiCr,Nig5_os5,Mnj 5
_05x03.95F00s5/Li coin cells was evaluated by charging and
discharging over 3.5-5.0 V using a CT-300-1A-SA tester
(Neware Technology Ltd.). Cyclic voltammograms (CV)
tests (the cathode was the working electrode and Li metal
foil was both the counter and reference electrode) were car-
ried out using an electrochemical work station (Metrohm
Co., Autolab PGSTAT302N, Netherlands) with a scanning
rate of 0.1 mV/s and a scanning frequency of 0.5 Hz be-
tween 3.5 and 5.0 V. Electrochemical impedance spectros-
copy (EIS) was conducted on an electrochemical work
station with an AC amplitude of 5 mV in the scanning
frequency range of 0.01 to 100 kHz (the cathode was the
working electrode and Li metal foil was both the counter
and reference electrode ).

Results and Discussion

Figure 1 shows the XRD pattern of the LiNipsMn; 504
and LiCrNip 5 05:Mn15 05xO03.95F005 (x=0.025, 0.05,
0.075) materials. The pattern revealed that the Cr** and
F~ compound-doped materials had the same diffraction
peaks as the undoped sample, suggesting that the samples
were synthesized without impurity phases and that Cr**
and F~ compound doping would not change the spinel
crystal structure. No impurity peaks or superstructure
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Fig. 1 XRD patterns of LiNipsMn; sO4 and LiCryNigs_os5Mny s
_05x0305F005 (x=10.025, 0.05, 0.075)
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peaks were found, indicating that some of the Ni**, Mn™",
Mn?*, and O*" atoms in the spinel phase were successfully
substituted by Cr** and F~. The strength of the diffraction
peaks of the Cr3+—d0ped LiCr,Nig 5_0.5:Mnj 5_05x03.95F0.05
samples decreased, and excess dopants concentration influ-
enced the degree of crystallinity. The lattice parameters for
the LiNigsMn; 504 and LiCrNig5_05dMn; 5-0.5x03.95F0.05
(% =0.025, 0.05, 0.075) materials were calculated by Jade5.0,
and the results are shown in Table 1.

Figure 2 shows the SEM images of the LiNiysMn; 50,
and LiCr,Nig5_05xMn; 5_05xO395F005 (¥ =0.025, 0.05,
0.075) with x10000 magnification. The LiNiysMn; 50,
sample consists of uniform, submicron-sized particles,
and the crystals have a quasi-octahedral shape. After Cr®
" and F~ compound doping, the LiCr,Nigs_os5.Mn; s
_05x03.95F0.05 (x=0.025, 0.05, 0.075) samples exhibited
highly crystalline particles and a typical spinels with an
octahedral shape and sharp edges and corners.

The existence of chromium and fluoride in the spinel
LiCrg 05Nig 475Mn; 47503.95F 05 compound was verified by
EDS, as shown in Fig. 3. The TEM and high-resolution
TEM (HRTEM) images of the crystal morphology and
lattice fringes are shown in Fig. 4. Both LiNigsMn; 50,
and LiCrggsNig475Mny 4750305F0 05 showed similar sur-
face morphologies. The distance between the lattice
fringes for LiNiysMn; 50, was measured to be 0.4835 nm,
corresponding to the (111) plane of spinel. After doping,
the lattice spacing in Fig. 4d reveals a value of 0.4811 nm,
indicating that the higher bonding energy of Cr-O may
shrink the spinel framework. Therefore, LiCrg ¢sNig 475M-
n;47503.95F0.05 is expected to have excellent electrochem-
ical properties for lithium storage.

Figure 5 displays the charge/discharge curves of the
LiNipsMn; 504 and LiCryNig 5_0.5xMny 5-0.5x03.95F0.05
(x=0.025, 0.05, 0.075) samples, where the cells were
tested over a potential range of 3.5-5.0 V at a rate of 0.1 C.
The discharge specific capacities of the LiNipsMn; 504 and
LiCr,Nig5_05xMn; 5_05:0395F005 (x=0.025, 0.05, 0.075)
samples were 141.59, 139.38, 134.18, and 124.47 mAh g*
at 0.1 C, respectively. The charge/discharge curve of the
doped samples was composed of two obvious voltage plat-
eaus at approximately 4.7 and 4.1 V. The voltage plateau at
approximately 4.7 V was attributed to the Ni**/Ni** redox
couple, while the small voltage plateau at approximately
4.1 V may be due to the substitution of F~ for O*", which
reduced the amount of negative charge and changed the

Table 1 Refinement results for the samples

Samples a/A

LiNigsMn; 504 8.1775
LiCro025Nio.4875MN1 487503 95F .05 8.1803
LiCro0sNig.475MN147503.95F0.05 8.1839
LiCro075Nio.4625MN1 462503 95F0.05 8.1821
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Fig. 2 SEM images of LiCr,Nigs_05:Mn15_05¢03.95F00s.(@) x=0, (b) x
=0.025, (c) x=0.05, (d) x=0.075

valence of the transition metal (Mn** was reduced to Mn>")
in order to maintain charge balance.

The rate capability is very important for lithium-ion
batteries. The cycling performance curves of the
LiNigsMn; 504 and LiCr,Nig5-0.5xMn1 5-0.5xO03.95F0.05
(x=0.025, 0.05, 0.075) samples at different rates are
shown in Fig. 6. The highest specific discharge capacity at
0.1 C was observed for LiNiysMn; 50, (141.59 mAh g ™),
and the second highest discharge capacity was observed
for LiCr,25Nio4875Mn; 48750395F0.05 (139.38 mAh g'l).
However, at other high rates of 0.5, 2, 5, and 10 C, the
specific discharge capacities of the LiCrgosNig475M-
n;.4750395F005 were the highest, which were 128.70,
123.62, 119.63, and 97.68 mAh g_l, respectively. When
undoped LiNipsMn; 50, is discharged at a rate of 2 C , the
attenuation of its specific discharge capacity is more obvi-
ous. At a discharge rate of 5 C, the structure of the mate-
rials may be severely damaged. As the doping amount and
substitution of Cr>* increases, the cycling stability increases.
A higher doping amount will reduce the specific discharge
capacity of the material, making the 4.1 V plateau more ob-
vious and decreasing the energy density of the batteries. On
one hand, due to the small polarization at low rate, the
polarization effect showed little differences before and after
doping. However, the amount of active material decreased
after doping, resulting in lower specific capacity. On the
other hand, owing to the large polarization at high rate and
improved lithium-ion diffusion coefficient, the doped
LiNip5Mn; 50,4 cathode exhibited higher specific capacity.
This result indicates that an appropriate amount of Cr>*, F~
co-doping can lead to excellent cycling stability and rate
capacity.

Figure 7 clearly shows the cycling performance of the
LiNigsMn; 504 and LiCrg o5Nig.475Mny 47503 95F0.05 samples
after 50 cycles at 2 C. The initial discharge capacities of
LiCr,05Nig.475Mn 47503.95F005 and  LiNigsMn; 504 were
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Fig. 3 EDS patterns of LiNigsMn; 50,4 (@) and LiCrg0sNig475MN; 47503.05F 005 (b)
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123.62 and 114.77 mAh g, respectively, indicating that
LiCr 05Nig475Mn; 4750395F905 has a higher initial dis-
charge capacity than undoped LiNigsMn; 50,4 Conse-
quently, LiCrgsNig475Mn; 4750395F005 could deliver a
reversible discharge capacity of 121.02 mAh g™* with a
capacity retention of 97.9% after 50 cycles, while
LiNigsMn; 50, only maintained a reversible discharge
capacity of 106.24 mAh g' with a capacity retention of
92.6%. The capacity retentions of LiCrggy5Nig4g75M-
11.487503.05F0.05 and LiCr,075Nig 4625Mn1 462503.95F0.05 Were
95.0 and 94.5%, respectively, which indicates that LiCrggs.
Nig.475Mn; 4750395F0 05 has good capacity retention at high
rates among all the samples. The doped material has a
higher capacity retention rate due to the bonding energy of
Cr-O, which is stronger than the bonding energy of Ni-O

Fig. 4 TEM and HRTEM images of LiNigsMn; 50,4 (@ and b) and
LiCroosNio.475Mn1 4750305F 005 (€ and d)

and Mn-O and stabilizes the spinel structure. Moreover, the
seizing electronic capacity of F~ was stronger and more
stable after bonding with Ni, Mn, and Cr, thus improving
the stability of the spinel structure. Meanwhile, doping also
reduced the erosion of the material by HF in the electrolyte
solution and the irreversible loss of active substance during
the cycling process. Wang et al. [30] reported that
LiNig 4Crg 15Mn; 450, can deliver a reversible discharge cap-
acity of 139.7 mAh g ™" after 40 cycles, corresponding a cap-
acity retention of 97.08%. Li et al. [31] reported the initial
discharge capacities of LiNiysMn; 5039Fg; at 0.1, 0.5, 1, 2,
and 5 C were 129.07, 12359, 11849, 11449, and
92.57 mAh g™, respectively.

A more detailed analysis of the electrochemical per-
formance was performed by CV and EIS. Figure 8 shows
the CV curves of LiCrggsNig475Mn;47505095F005 and
pure phase LiNiysMn; 50,4 The potential difference of
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Fig. 5 Charge/discharge curves of LiNigsMn; 504 and LiCr,Nigs
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these two materials was 0.298 V. The LiNiysMn; 50,
oxidation peak potential was 4.861 V, while the reduc-
tion peak potential was 4.563 V. The oxidation peak
current (Ip,) was 2.242 mA, and the reduction peak
current (Ip.) was 2.288 mA, and thus the Ip,/Ip. ratio
was 0.9799. The LiCrgy5Niga75Mn; 47503.05F005 oxida-
tion peak potential was 4.864 V, the reduction peak
potential was 4.578 V, and the potential difference was
0.286 V. The Ip, was 1.273 mA, the Ip. was 1.277 mA,
and the Ip,/Ip. ratio was 0.9968 (approximately 1). The
above results indicated that the co-doped materials had
good reversibility of lithium ions intercalation/deinterca-
lation and improved coulombic efficiency.

Figure 9 shows the EIS patterns of the samples. All the
EIS spectra in the figure consist of two semicircles in the
high-to-medium frequency region and a sloping line in
the low frequency region. The semicircle in the high-
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Fig. 7 Cycling performance of LiNigsMn; 5O, and LiCr,Nigs_o5Mn; 5
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Fig. 8 Cyclic voltammogram of LiNigsMn; 50,4
and LiCrosNig47sMn 1 47503 05F 005

frequency region corresponds to lithium ions passing
through the electrolyte surface film resistance (R;). The
semicircle in the medium frequency region corresponds
to the charge-transfer resistance (R.), and the sloping
line in the low frequency region is the Warburg imped-
ance (Z,,), which is related to lithium ion diffusion in
the materials. As seen in Fig. 7, doping decreased the R,
which contributed to improving the diffusivity of lithium
ions, the conductivity, and the rate capability of the
materials.

The Nyquist plot of the equivalent circuit analog
fitted by the ZsimpWin software is shown in Fig. 10.
In this circuit, R, and R, represent the electrolyte re-
sistance and the particle-to-particle interfacial contact
resistance of the SEI film. R is the charge-transfer
resistance, and Z,, stands for the Warburg impedance
caused by diffusion of lithium ions. CPEs and CPEdl
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Fig. 9 EIS patterns of LiNigsMn; 504 and LiCr,Nigs_gsMn; 5
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are constant phase elements of the solid electrolyte
membrane and the double-layer capacitance of the
electrode-electrolyte interface, respectively [32]. The
fitting parameters of the equivalent circuit analog are
summarized in Table 2.

Previous studies have suggested that the diffusion co-
efficient of lithium ions is associated with the Warburg
factor, which can be calculated by the sloping line in the
low frequency region. The lithium-ions diffusion coeffi-
cient was calculated by Fick’s rule using the following
equation: [33]

R*T?

T 24P P2 S
where D is the lithium-ion diffusion coefficient, T is the
absolute temperature, R is the gas constant, A is the
surface area of the electrode, # is the electron transfer
number, F is the Faraday constant, C is the molar con-
centration of lithium ions, and o is the Warburg factor,
which is the slope of the sloping line in Fig. 7.

As seen in Table 2, the R values of the doped samples
were greatly decreased compared with the undoped sam-
ple, and the R, value of LiCrgysNig475Mn; 47503.95F0.05
decreased greatly. The decrease in the Ry value indicates
that Cr®*, F~ co-doping can inhibit the growth of the
SEI film to some extent, which may be due to the F~ side
reactions between the electrode material and the electro-
lyte solution. A lower charge-transfer resistance value
indicates lower electrochemical polarization, which will
lead to higher rate capability and cycling stability.
LiCrg 95Nig 475Mn; 475035 95F 05 exhibited the lowest R
value (249 Q) and the highest lithium diffusion

Table 2 Fitting parameters of the Nyquist plots for the samples

Samples Rs/Q Rct/Q) D/cm? s

LiNigsMn; sO4 52 703 1.05% 107"
LiCro025Nio.a875MN1 487503 05 0.05 79 576 548x107"
LiCro05Nio47sMN1 47503.05F 0,05 29 249 151x10°'°
LiCro,075Nio4625MN1 462503 05F0.05 43 50.2 449x107"

coefficient (1.51 x 107'° cm? s™') among all the samples,
indicating that its electrochemical polarization is the
lowest and the lithium-ion mobility of LiNigsMn; 50,
can be effectively improved by anion-cation compound
substitution. EIS also can be used to compare the size of
the electronic conductivity. The smaller charge-transfer
resistance of the Cr*" and F~ co-doping LiNigsMn; 50,
indicates a larger electronic conductivity than that of
pristine LiNigsMn; 504 The electronic conductivity of
LiNigsMn; 50, is about 3.88 x 107> S ¢cm ™!, while the elec-
tronic conductivities of LiCr,Nigs_g5JMn; 5_05¢03.95F005
(x=0.025, 0.05, 0.075) samples were 6.19 x 10°S c¢m’,
1.25x10* S cm™, and 5.98 x 10> S cm ™, respectively. In
fact, LiCrg g5Nig475Mn; 47503 95F¢ 05 has the best elec-
trochemical performance among all four samples. The
decrease in R, and the increase in D indicate that
the proper amount of Cr**, F~ co-doping has a posi-
tive effect on the electrochemical reaction activity of
the material.

Conclusions

The Cr**, F~ co-doped analog of LiNiysMn; 50, (LiCr,Nig5
_05:Mn; 5_05:0395F005 (x =0.025, 0.05, 0.075)) was synthe-
sized by the high-temperature solid-state method. The
materials's XRD patterns showed that Cr** and F~ success-
fully substituted some of the Ni**, Mn*, Mn?*, and O*
atoms in the spinel material, and no impurity peaks existed.
The specific discharge capacities of LiCrg osNig475M-
N3 4750305Fp 05 at 0.1, 0.5, 2, 5, and 10 C were 134.18,
128.70, 123.62, 119.63, and 97.68 mAh g™', respect-
ively. The specific discharge capacity was 121.02 mAh
g after 50 cycles at 2 C, which is of 97.9% the ini-
tial discharge capacity. The capacity retention rate of
LiCrg,05Nig.475Mn; 47503.95F0 05 was the largest among
the samples. The materials had good crystallinity, and
the largest number of octahedral spinel was well dis-
tributed. Cr®*, F~ co-doped of the materials signifi-
cantly improved the specific discharge capacity at
higher rate, improved the cycling stability, enhanced
the reversibility of lithium ions, and reduced the im-
pedance value.
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